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WHEN TREES FALL IN THE FOREST: Stand structure following partial disturbance in the 
spruce-hemlock forests of Southeast Alaska.
\
Stand, structure in the spruce-hemlock forests of Southeast Alaska has been previously 
described for old-growth stands and for second-growth stands following catastrophic 
disturbance, but not for stands that have been only partially disturbed. Two new, 
complementary indices Of vertical structure diversity are used to show tfiat intermediate 
leyels of disturbance result in vertical stand structure that is intermediate in complexity 
between structurally diverse old-growth and structurally simple second-growth. Disturbance 
intensity was estimated from the number of residual trees and snags, and sites were grouped 
according to disturbance intensity. A discriminant function developed from overstory 
structure variables and indices was significant at p < .0002 and successfully classified all 26 
study sites into disturbance intensity groups* Understory structure was not significantly 
related to disturbance intensity, probably because a high correlation between understory 
structure and time since disturbance obscured any other relationships. » i
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WHEN TREES FALL IN THE FOREST:
Stand structure following partial disturbance 
in the spruce-hemlock forests of Southeast Alaska.
Chapter 1. Introduction and Literature Review
Introduction
When trees fall in the forpst, how is the forest changed? In the spruce-hemlock
forests of Southeast Alaska, stands that have experienced catastrophic disturbance are known
\
to have a very simple vertical structure for many succeeding decades (Alaback 1982). Stands 
which have escaped catastrophic disturbance for several centuries, often thought of as “old- 
growth”, are believed to have the most complex vertical structure (Capp et al. 1992). 
However, the relationship between intermediate levels of natural disturbance and subsequent.
vertical structure remains unknown.
\ 1
Disturbance Regimes Are Important in Shaping Forest Composition and Structure
Until relatively recently, succession theorists" considered disturbances to be rare 
events that were external to the successional process. This view, originally articulated by 
Clements (1916), held that all Sites would progress eventually to a ‘climatic climax’, a 
vegetative community of species that are adapted to prevailing climatic conditions and can 
regenerate under their own shade. With time, ecologists accumulated evidence that 
dissimilar plant communities can develop on similar sites (e.g., McCune and Allen 1985),
i
and that On some, sites, no plant community appears capable of maintaining a climax (e.g.,
1
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McCune and Cottam 1985). In many eases, the drive to explain the existence of multiple
■ /
successional pathways led investigators to focus on differences between Jocal disturbance 
regimes. On some sites, natural disturbances occur with great regularity but limited 
intensity, selectively altering some parts of an ecosystem while leaving other parts intact. In 
other areas, natural disturbances are much rarer, but they sweep through with stand-replacing 
intensity when they do arrive. Thanks to these kinds of differences, disturbances and random 
events are now prominent among the mechanisms thought to drive the complex pathways 
that succession may take (Pickett et al. 1987).
A disturbance can alter the composition, structure, and ultimately the function, of an 
ecosystem. By resetting the successional process to some degree, disturbances reopen sites 
for colonization by early successional species. In Southeast Alaska, these include red alder 
(Alnus rubra) and salmonberry (Rubus spectabilis), which are shade-intolerant species that 
do not compete successfully in the low-light environment under a forest canopy. In this 
manner, disturbances directly influence forest composition. In addition, disturbances can 
alter forest structure, and that may indirectly alter composition as well.
Catastrophic disturbance -  whether natural or human-caused (anthropogenic) in 
origin — produces a distinctive stand profile. The removal of the entire canopy results in a
i
vigorous regeneration response during the stand initiation stage (Oliver and Larson 1990): In 
Southeast Alaskan spruce-hemlock fprests, a single, dense overstory layer develops, closing 
over within about 30 years and casting the forest floor into unrelenting darkness (Alaback 
1982). Once canopy closure is achieved, the stand initiation stage is replaced by the stem 
exclusion stage. Herbaceous plants and shrubs are shaded out almost completely. This 
condition typically persists for the next hundred years or so, until time begins to open gaps in
the canopy. This generally happen? slowly, and the restoration of a full complement of 
vascular and non-vaseular understory plant species can take as long as 400 years (Alaback 
1996).
' i
Less intense disturbances remove individual trees from the forest canopy, a process 
cabled gap-phase or maintenance dynamics (Pickett and White 1985, Veblen and Alaback 
1996). Selective removal of overstory trees diversifies overstory structure by releasing 
understory trees from competition. In contrast to catastrophic disturbance, this process 
results in a multi-layered' canopy, With dominant, codominant, and intermediate trees all 
present. In addition, small gaps in the canopy allow sunlight to penetrate to the forest floor, 
in the form of sunflecks (Chazdon and Pearcy 1991). Understory plants can take advantage 
of sunflecks. The path that su n fleck s take across the forest floor is relatively constant from 
one day to the next, and this allows for the persistence of a moderate amount of shrub and 
forb cover, typically 30-50% in Southeast Alaskan spruce-hemlock old-growth (Capp et al.
1992),
Wind Operates Differently From Most Forest Disturbances
Windstorms are the most common natural disturbance affecting forests in the 
perhumid (constantly wet) rainforests of Southeast Alaska (Harris 1989). Stand-replacing 
events are relatively rare (Ott 1996), with the result that the majority of forested lands are in 
some fonh of old-growth condition. Distinguishing characteristics of old-growth stands 
include: multiple canopy layers; multiple diameter classes, including trees of the larger 
diameters; large snags; large Woody debris on the ground; and a moderate amount of
herbaceous vegetation (see definitions in Capp et al. 1992). These characteristics are 
maintained in all but the most exposed sites by the process of gap-phase dynamics.
In a gap-phase regime, small canopy gaps are formed when a tree, often weakened by 
fungal heart rot or root rot, is snapped, or toppled by the wind, commonly taking a few 
neighbors down with it (Taylor 1990, Lertzihan and Ktebs 1991). Based on the presence of 
indicators such as conks and scars, Farret al. (1976) found depay fhat would weaken canopy 
trees to be relatively common in mature western hemlock (35,3% of trees sampled) and Sitka 
spruce (20.8% of trees sampled) in Southeast Alaska. Others who have examined 
windthrown and wind-snapped trees in this region also have found frequent evidence of 
decay (Hubert 1918, Hoeker 1990, Veblen and Alaback 1996).
In contrast, disturbance regimes in the seasonally dry rainforests of the Pacific 
Northwest are often lower in frequency but higher in intensity. For instance, prior to the age 
of fire suppression, stand-replacing fires probably swept through parts of the Oregon Coast 
Range at intervals of 100 to 300 years (Veblen and Alaback 1996). The inland rainforests of 
northern Idaho and northwestern Montana have a similar disturbance regime (Habeck 1988). 
Such catastrophic disturbances produce even-aged stands that do not develop old-groWth
characteristics, such as large trees and structural diversity, until many decades have passed.
j
But even a high-frequency, low-intensity fire regime does not affect forest stands in 
the same way that wind does. Low-intensity ground fires attack forest stands from below, 
removing understqry layers but leaving mature canopy trees largely untouched. The net 
result is typically a decrease in diversity, both of stand structure and of species present. In 
contrast, wind attacks a stand from above, selectively removing canopy trees but having little 
direct effect on the understory. In an indirect sense, however, the canopy gaps created by
5
windfall increase the amount of light reaching the forest floor and release understory trees 
and shrubs. The result is that structural diversity is actually increased, and often species 
diversity as well (Alaback, peri comiri.).
Canopy gaps and their influence have been well-studied in tropical (Brokaw 1985, 
Lawton 1990) and temperate deciduous (Bhrenfeld 1980, Huenneke 1983, Rurikle and Yetter 
1987) forests. Only recently has attention turned to the role of canopy gaps in coniferous 
forests (Spies et al. 1990, Lertzman and Krebs 1991, Ott 1996). These latter studies found 
that the proportional area of gaps in coniferous forests was greater than in tropical or 
temperate deciduous old-growth forests, an indication of the important role that gap-phase 
dynamics play in temperate coastal rainforests, and an incentive to study the process further.
Structure is Related to Function and Can Serve as a More Easily Measured Surrogate
Plant community ecologists commonly describe forest ecosystems in terms of 
composition, structure, and function (e.g., Franklin and Spies 1991). Composition and 
structure are more easily measured than function, and from these measurements, we can 
draw inferences about function. One way that structural changes can alter one function is via 
energy flow in a forest stand. When the amount of sunlight that penetrates the overstory 
increases, the additional light stimulates the growth of light-limited understory and forest 
floor plants (Canham et al. 1990). From a functional perspective, a multiple layer canopy is 
more efficient at capturing light.
Waring and Schlesirtger (1985, p. 220) list other ways that changes in forest structure 
are related to ecosystem processes or functions. Below-canopy radiation increases when 
canopy gaps afe created, .but more precipitation may also reach the forest floor, particularly
in the fprm of snow. In moisture-limited environments (which most of Southeast Alaska 
certainly is not), the added moisture not only stimulates plant growth directly, but it may also 
stimulate microbial activity and mineralization, and the increase in nutrient availability will
allow plants to allocate more energy to growth and less to nutrient uptake. However, in
(
Southeast Alaska, patches of snow within the forest will be much slower to melt than in open 
areas, and plants in these openings may have a shortened growing season. Waring and 
Schlesinger (1985) also offer evidence that the efficiency of herbivores arid pathogeris are 
decreased following some kinds of cariopy disturbance.
Silviculturists are interested in forest structure primarily because of its relationship to 
growth efficiency of trees. Historical growth and yield models (eg., PROGNOSIS) have 
ignored complexities in vertical stand structure, but Milner and Coble (1995) recently 
developed a model that includes multiple sub-cahopies, rather than treating all trees as 
members of a single, homogenous canopy layer. Using this model, called Ground Surface 
Vegetation (GSV), they found they could better explain variation in individual tree volume 
growth, from 45% with PROGNOSIS to 70% with GSV.' Another reason that silviculturists 
are paying increased attention to structural measurements is a new focus ori multiple 
silvicultural objectives. Among other things, this new focus has added the maintenance of 
biodiversity to the traditional agricultural paradigm of timber production (O'Hara et al. 
1994).
Spatial heterogeneity has beeri linked with increased animal and bird species richness 
(Begon et al. 1996), and structural diversity is an important aspect of this heterogeneity. The 
mechanism proposed to explain the correlation between spatial heterogeneity and species 
richness is that spatial heterogeneity increases the number of available microhahitats, and
thus broadens the spectrum of resources that species can exploit. AH other things being 
equal (average niche breadth in particular), a broader spectrum of resources should support a 
greater number of species, each of which is adapted to specific microhabitat conditions. In a 
now-classic study, MacArthur and Mae Arthur (1961) found bird species diversity fir a wide 
range of ecosystems to be closely correlated with foliage height diversity, a measure of the 
vertical heterogeneity of stand structure. All other things are rarely equal, however, and a
< . i
straightforward correlation of spatial heterogeneity with specie's diversity may be difficult to 
discern, because of differences in the relative abilities of predators and prey, , or interspecific 
competitors, to exploit more diversified habitat conditions.
Habitat structure may also influence ecosystem carrying capacity. For instance, for 
predatory birds, a multi-layered canopy is more likely to provide increased prey availability, 
as well as improved thermoregulation opportunities Both of these explanations were offered 
for a high correlation between vertical canopy layering and the presence of northern spotted 
owls (Strix occidenialis canrina) on the Olympic Peninsula in Washington state (Mills et al.
1993). Old-growth forests in Southeast Alaska are considered important deer winter habitat 
precisely because of their structural heterogeneity. Deep snow often covers exposed 
vegetation outside the forest, making it inaccessible to deer foraging in winter. Within the 
forest, snow depths are much reduced and deer can move more easily. They can usually find 
vegetation to browse on at the edges of small openings where canopy gaps allow light to 
penetrate and stimulate the growth of herbs and shrubs (Wallmo and Schoen 1980). From a 
general perspeetiye, Hansen et al. (1991, p.384) point out that:
8
Forest structure underlies habitat factors such as microclimate, 
food abundance, and cover that affect organism fitness...hence 
strong correlations often exist between animal community 
composition and forest structure.
An extensive review of potential relationships between habitat structure and animal species 
diversity is presented by Morrison et al. (1992). However, the authors stress that the habitat 
variables that influence the distribution of a particular species will only appear significant if 
they are measured from'an “animal’s-eye view”, that is, at a scale that corresponds to the 
movement patterns of the animal in question.
Forest Structure Can Be Measured at Different Scales and in Different Dimensions
Forest structure has been described at scales ranging from landscape to microsite 
levels (or even smaller). Some researchers have .focused on horizontal structure, some on 
vertical structure, and some on both. Horizontal structure describes ecosystem changes 
across the surface of the earth, i.e., patchiness of the distribution of biological features. At 
the landscape level, comparisons of horizontal structure, or the juxtaposition of contrasting 
plant communities within a landscape, are considered (Forman 1995). This emphasis on 
horizontal structure at the landscape level can be both ecologically appropriate and practical. 
From an ecological perspective, horizontal structure often varies on a landscape scale. 
Ridges are interspersed with valleys, forests with grasslands, and land with water. From a 
practical point of view, efficient data gathering across large areas is aided by remote sensing 
technology. Remote sensing satellites observing a landscape from straight above produce a 
lot of information about horizontal heterogeneity, but, to date, this approach has produced
little information about vertical heterogeneity. This is because cameras and infrared sensing 
devices for the most part lack the ability to detect, and distinguish, multiple layers of 
vegetation directly beneath them.
Vertical structure (or architectural complexity; Southwood et al. 1979), then, is 
generally measured from the ground. Vertical structure describes how many layers of 
vegetation exist above a given point on the ground, and how different the. layers are from 
each other. Unlike horizontal structure, the scale that vertical structure is measured on is 
limited to the maximum height of overstory trees.
Researchers have used a variety of measurements to describe vertical structure, 
depending op the nature and scale of the investigation and the kind of vegetation present. 
For the overstory, typical structure Variables include: individual tree diameters, heights, and 
canopy depths (live crown ratios); snag diameters, heights, and decay classes' number of 
canopy layers, and their heights and depths; leaf area index (LAI); canopy closure; and light 
penetration. Closer to the forest floor, structure variables commonly measured include: 
percent cover of one or more layers of herbaceous or shrubby vegetation; foliage volume or 
biomass (from clipping and weighing, or derived from basal stem diameter using regression 
equations); leaf area index; light penetration through the herb-shrub layer; and percent cover, 
volume, or biomass Of woody debris, sometimes separated by decay class.
Existing Measures of Vertical Forest Structure Don* t Tell the Whole Story
It is a maxim of ecological thinking that we will never be able to tell the whole story, 
but ecologists are always searching for a better version, particularly One with more 
explanatory power. To date, stand structure during forest succession has been dealt with
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largely by classifying successional stages and ascribing a characteristic vertical structure to 
each. For instance, Spies and Franklin (1991) contrasted structure in young* mature, and old- 
growth Douglas-fir stands. Latham (1996) examined the variation of structure in several 
forest types separately for several of Oliver and Larson’s (1990) stand development stages 
(e.g., stem exclusion, understOry reinitiation). Dueser and Shugart (1978) measured structure 
variables separately for each species in their study, and Vain Home (1982) used morphotype
; ( I '
to group structural measures.
What is so far lacking is a continuous, quantitative model of forest structure. 
Previous studies have, for the most part, treated forest succession as a series of discrete steps, 
and described modal values for structural parameters at each step. Forest succession does 
not, however, proceed in such a discrete fashion, particularly under a high-frequency, low- 
intensity disturbance regime, where minor modifications to stand structure are continually 
taking place. TO better investigate the relationship between structure and function, 
ecologists need a way to quantify stands along a structural continuum, regardless of stand
history. In other words, we would like to be able to say not merely whether a stand is or isn’t
\
in an old-growth condition, but how old-growth-like it is.
The approach I took in this study was to measure the same or similar variables as 
other studies, but then to combine them into a discriminant function that expresses a 
combination of structural parameters. This function can then be used to ascribe a 
“coefficient of structure” to any stand, allowing comparison along a structural continuum 
from simple, young even-aged stands to complex old-growth. The present study is far from 
comprehensive, as I will point Out later, but the approach I used suggests that future, larger
11
scale efforts might be successful in developing a more general discriminant function with
/  , ■ . . •
Wide application.
Application of This Study to the Design of Selection Harvest Systems
A pressing Question facing forest managers in Southeast Alaska is how to use the 
principles of ecosystem management to design locally appropriate selection harvest systems. 
The histofy of large-scale, commercial logging in Southeast Alaska has been mainly one of
■ i
clearcutting, aside from the individual high-grading of spruce on beach fringes practiced by 
indigenous peoples and early handloggers (Harris and Farr 1974). In recent years, pressure to 
shift to a selective cutting approach has mounted* for both ecological and socio-economic 
reasons.
With no appropriate precedent to follow, ecosystem managers initiating a program of 
selection harvesting can only guess at the answers to questions like this: which trees, and 
how many, do I need to leave standing? Because there has been some research on how 
structure in Southeast Alaskan forests affects function (Hanley et al. 1989, Kirchhoff and 
Schoen 1987, Rose 1984, Schoen et al. 1988, Van Home et al. 1988), specifying desired 
structural conditions after timber harvest is one way that forest managers can attempt to 
answer that question, in terms of sustaining ecological function.
EcOsystem managers are told to emulate natural disturbance regimes as closely as 
possible, notwithstanding the important differences between natural and apthropogenic 
disturbance (Grumbine 1994, Lertzman et al. 1997). Because the undeniable differences ip 
process make it impossible to emulate patural disturbance perfectly, a practical way to 
achieve the goal of emulating natural disturbance is to leave measurable forest parameters
within their ranges of natural variability, at the conclusion of an anthropogenic disturbance. 
This study examines structural conditions following different levels of natural disturbance 
(“how many trees are left standing”). This information will help forest managers learn the ' 
ranges of natural variability for important structural parameters, and it will tell them how 
those parameters are likely to respond to different levels of disturbance.
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Study Ob jectives
In this study, I investigated the effect of partial disturbance on vertical structure in the 
coastal rainforests of central Southeast-Alaska. I looked at stands that were disturbed by a 
significant but non-catastrophic wind event at some time in the past, and I examined whether 
the subsequent complexity of vertical'structure in these stands was related to the intensity of 
the disturbance. To enhance our understanding of the interrelationship of structure and 
function, I also explored functional responses to structural change, as expressed by changes 
in the composition and structure of herbs and shrubs growing on the forest floor.
The three primary objectives addressed in this study were to:
• Develop continuous, quantitative measures for characterizing vertical structure in 
forest stands.
• For Southeast Alaskan spruce-hemlock stands that have experienced a single, 
identifiable wind-caused disturbance, test the hypothesis that subsequent 
overstory structure is correlated with the intensity of the immediately prior 
disturbance, as indicated by the proportion of a stand that was felled during that 
disturbance.
• For those same stands, also test the hypotheses that understory species richness, 
abundance, and structure are inversely correlated with disturbance intensity.
Chapter 2. Methods
Study Area
This study was conducted in the coastal temperate rainforest of the central Southeast 
Alaskan panhandle (56°30’ N and 133°30’ W). This'island archipelago is sandwiched 
between the stormy North Pacific Ocean to the west, and, on the east, the ice-clad Coast 
Range mountains that divide Southeast Alaska from British Columbia. The icefields of the 
Coast Range are a frigid and inhospitable place, but the warm Alaska current flowing north 
along the outer coast moderates-conditions on the islands, and evens out annual climactic 
fluctuations. Monthly mean temperatures at Petersburg (the nearest weather station to most 
of the study sites) range from -4.5°C in January to 13°C in July. Annual precipitation 
averages 2700 him, distributed throughout the year, but with the heaviest amount falling as 
rain in the autumn months (National Weather Service, Juneau, Alaska). Thus, the climate in 
Southeast Alaska is cool and wet year-round, in contrast to the seasonally warmer and drier 
forests of the Pacific Northwest to the south, and the much colder and drier climate in the 
boreal forests to the north (Alaback 1996).
Southeast Alaska is notable as well for its high degree of fragmentation, at several" 
scales. Islands are separated from each other by saltwater channels and larger bodies of 
water such as sounds. Rock and ice at high elevations divide vegetated zones. Within 
vegetated zones, peat bogs (locally termed ‘muskegs’) are interspersed with better-drained 
forested sites, forming a landscape mosaic with extensive fme-scale fragmentation. The 
windstorms that are the dominant form of forest disturbance in this landscape are actually
shaped by it. Wind strength is modified where it is funneled through gaps or over ridges, and
(
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the result is that strong winds are quite localized. Large-scale disturbance is rare, so that, in 
a sense, the disturbance regime is both tailored by and mimics the patterns of the landscape.
Soils in this region typically are thin and not well developed, and spodosols ~ which 
attract and hold water -  predominate. Podzolization, the leaching of minerals' to create a 
hardpan underlying the organic horizons, occurs in only 100 to 150 years, and accentuates 
the retention of soil moisture and consequent reduction in soil fertility (Ugolini and Mann 
1979, Bormann et al. 1995). Nonetheless, these forests are quite productive, thanks in large 
part to the long growing season resulting from year-round moisture and moderate 
temperatures. The temperate coastal rainforests of this region are especially notable for their 
high accumulation of biomass (Waring and Franklin 1979). Species diversity is relatively 
low, as tends to be the case this far from the equator. In the overstory, Western hemlock 
(Tsuga keterophylla [Raf.] Sarg.) and Sitka spruce (Picea sitchensis [Bong.] Carr.) comprise 
89% of the low elevation forest canopy (Hutchinson and LaBau 1975). Upper canopy 
heights range from 35 m to upwards of 60 m, with a multi-layered canopy structure overall 
(Cappetal. 1992).
I confined my study sites to larger (greater than 4000 ha) islands lying between, but
7
not including, the more maritime-influencCd outer coast and the continental climate of the 
mainland. Vegetation on these central islands is generally representative of that found 
throughout most of Southeast Alaska, excluding the extreme south of the region, where 
winter is, more moderate and a number of Pacific Northwest species reach their northern 
lirhit (Hulten 1968).
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Site Selection
Stu.dy sites were chosen from among forest stands that had experienced a single 
identifiable wind disturbance event within the last 200+ years, signified'by the presence of a 
single cohort of even-aged trees. Sites with multiple identifiable cohorts, indicating a more 
complex disturbance history, were avoided. Because I sought to understand the patterns and 
processes of natural disturbances only, I also restricted my study to sites which had never 
experienced significant anthropogenic disturbance. Stands were selected to represent both a 
range of disturbance intensities and a variety of ages (time since disturbance), within the 
approximate temporal range of the stem exclusion stage phase, which lasts from the time of 
canopy closure until gaps begin to re-open the canopy. The proportion of residual mature 
trees and large snags in the stand was used as a measure of disturbance intensity {see below), 
from low (up to 80% residual trees) to catastrophic (< 5% residual trees). Time since 
disturbance ranged from 20 to 240 years, which, in this region, is roughly the period defined 
as the stem exclusion stage. Control sites, lacking an identifiable even-aged cohort and 
conforming to the regional definitions for old-growth forest types (Capp et al. 1992), also 
were sampled
I estimated the intensity of the disturbance event (DI) in sites other than the controls 
by calculating the following ratio:
Basal area of large residual trees and snags
DI = 1 - - -----   — ----- --------- —------ (E qn .l)
Basal area of all live trees
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My reasoning was that the basal area of all live trees is a fair indicator of site 
potential, as long as the disturbance was not tod recent, and the basal area of residuals and 
snags represents the percentage of the stand that survived the disturbance, The formula was 
inverted so that it would indicate the percentage of the stand knocked down, instead of that 
remaining standing. Since control sites were defined, in part, as lacking an identifiable even- 
aged cohort, DI was meaningless and was not calculated for those sites.
Locating potential study sites was a process of trial and error. Sites that have 
experienced high intensity wind disturbance can be recognized in aerial photographs as much 
as several hundred years later by a characteristically tight and uniform canopy pattern 
(Everett Kissinger^ pers. comm.). This pattern is a product of the absence of gaps and 
emerging dominant trees that would normally provide heterogeneity of canopy structure. 
Sites with a higher percentage of residual trees were far more difficult to pick out on aerial 
photographs. Instead, I identified areas likely to have experienced frequent wind 
disturbance, primarily through their topographic position relative to seasonal storm winds 
(Marc Kramer, pers. comm.). I then located potential study sites by walking transects 
through Such areas. When I encountered a likely-looking stand (based on past experience), I 
used field counts of increment cores to identify whether an even-aged cohort, representing a 
significant past disturbance, was present in the stand.
All study sites were classified as either western hemlock—blueberry (Vaccinium 
spp.) or western hemlock—blueberry/shield fern (Dry'opteris austriaca) forest plant 
associations (Pawuk and Kissinger 1989). These plant associations are common in many of 
the most valuable forest stands in Southeast Alaska, as measured by the yardsticks of both
wildlife habitat and timber production. Their soil? are relatively well-drained, and Site 
productivity is generally high. By focusing on ecological functions within these plant 
associations, I hoped to provide information that would be tnost applicable in. helping to 
resolve management questions currently under debate.
Study sites were located on Mitkof (8 sites), Kupreanof (6 sites), Woewodski (2 
sites), Zarembo (2. sites), and Kuiu (11 sites) Islands. A total of 29 sites were sampled during 
the summers of 1995 and 1996. Sampling commenced no earlier than July 1 each year, to 
ensure full development of vegetation biomass for that year (Alaback 1986).
Experimental Design and Measurements 
Macroplots
At each study site, a permanent, square macroplot (0.1 ha) was staked out. Only one 
macroplpt per site was sampled, to avoid the problem of pseudoreplication (Hurlbert 1984). 
Macroplot location was subjective, the goal being to find a representative part of the stand 
that was surrounded pn all sides by a buffer of similar makeup. On most sites, macroplots 
were located on moderate slopes (averaging < 55%) that did not face north (aspect between 
O90°T and 270°T), to ensure somewhat comparable growing conditions. Elevations above 
1000’ were avoided because of the influence that a winter-long snowpack could have on 
vegetation development (Kirchhoff and S.choen 1987, Wallmo and Schoen 1980). Slope, 
aspect, elevation, and landform type were recorded.
Increment coring was used to establish the date of the disturbance that created the 
even-aged cohort within the stand, and to identify the members of that cohort. Increment 
cores were taken at breast height (4.5 ft, or 1.4 m), and 5-7 years were added tP ring counts
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to account for early growth (E. Kissinger, pers. comm.). The number of cores taken in each 
stand varied from 5 fo 20, depending on how easy it was to identify the even-aged cohort. 
Larger cohorts were more quickly identified with fewer cores, while smaller cohorts required 
more cores to isolate cohort trees from residuals.
I
The following overstory characteristics were measured in the macroplots: species, 
diameter at breast height (DBH, taken at 4.5 feet above the base of the tree), crown class, and 
rooting substrate (mound, nurse log, or level ground) were recorded for all trees and snags 
over 5 in (12.7 crri) DBH. Snags under 3.5 m tall were disregarded. For snags, I also 
recorded decay class, using a classification adapted for Southeast Alaska from Thomas et al. 
(1979) by Paul Hennon (pers. comm,). Residual trees and snags, and trees released by the 
disturbance, were distinguished from post-disturbance regeneration and from snags created 
since the disturbance, based on external appearance and ring counts where necessary. I also 
estimated the height and canopy depth (live crown ratio) of the codoittinant layer, by 
averaging these measurements for at least three members of that crown class. Height 
measurements were made either directly, using an electronic hypsometer, or indirectly, by 
measuring the distance (d) front the base of the tree to an observer at the same elevation and 
the slope (a) of a line from the observer to the top Of the tree (or base of the crown). Tree 
height (h) was calculated from these measurements using equation 2:
h = d tan (a) (Eqn. 2)
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Microplots
Within each macroplot, I laid out 20 square microplots, 1 m2 in size, for measuring 
understory and Substrate characteristics. These were somewhat systematically distributed 
along four, evenly-spaced, parallel transects within the macroplot. However, the choice of 
which side of the transect the microplots fell on was raridomized, after the transects were laid 
out, to avoid bias during layout. At the center point of each microplot, I took a B&W canopy
, i
photograph (automatic exposure camera with a 70 mm lens, mounted on top of a 4 ft (1.2 m) 
staff; Kirchhoff and Schoen 1987). I also measured differential light attenuation by the 
forest canopy, Compared to a nearby site in the open. These measurements were taken using 
a  pair of LI-COR LI-190SA quantum light sensors (LI-COR Inc., Lincoln, Nebraska), Which 
measure photpsynthetically active radiation (PAR) in the 400 to 700 nm waveband. The 
control sensor was placed in a site with no vertical obstructions (typically a muskeg or 
clearcut) and connected to a data logger that recorded averaged PAR measurements once per 
minqte. I then measured PAR at the center of each rnicroplPt, both above and below any 
herbaceous vegetation, using a handheld light sensor and timestamping the measurements. 
Percent attenuation was later calculated by dividing the measurement made in the stand by 
the control measurement made at the same time in the open.
Woody debris o f any size in the microplot was broken down, by species and decay 
class. I recorded percent cover of woody debris in all combinations of these parameters. I 
counted all seedlings (greater than 10 cm high with at least one fork in the stem; Rich 
Jennings, pers. comm.). Seedling counts were broken down by species and by 10 cm height 
classes, as Well as by rooting substrate (mound, nurse lpg, or level ground).
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For vascular plants, I distinguished three height classes: ground-hugging (<20 cm); 
intermediate (20-100 cm), and high shrub (> 100 cm). Within each height class, I recorded ,
i
the presence and percent cover in that stratum separately for all vascular plants, including 
tree seedlings and saplings. Except where noted, percent cover estimates used variable 
levels of precision, dependihg ori the magnitude of the cover estimate. If the estimate was 
greater than 10%, the precision of the estimate was to the nearest 10%. Estimates between 
1% and 10% were to the nearest 1%, and estimates below 1% were to the nearest 0.1%.
To estimate biomass production, I measured the density of blueberry plants 
(Vaccinium spp.) in the inacroplots, using Morasita’s A03Q method (Morasita 1957, 
Engeman et al. 1994), a variant of the point-centered-quarter method (Cottam and Curtis 
1956). At each microplot, the surrounding area was divided into four quadrants, and, for 
each quadrant, I recorded the distance to the third nearest blueberry stem greater than 10 cm 
tall. Stem density (D) is a function of these distances (d,j the distance from the ith microplot 
center to the third nearest stem in the jth  quadrant) and the number of microplots (N). 
Distances greater than 20 ft (6.1 m) were not recorded, and, in any case, would have had 
little influence on the value of D.
2 1
D = -------   * EE   (Eqn.3)
it N d,j
In addition to density information, I also measured basal stem diameters of each plant 
sampled. Equation 4 yields production per stem (P, annual twigs and foliage, in grams) for 
V. alaskense and V. ovalifolium from basal stem diameter (bsd, in mm). Equation 5 does the
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same for V: parvifolium (Alaback 1986); Using equations 4 and 5, I calculated mean 
production per stem for each of the two species, based on the mean basal stem diameter for 
that species. I then used the ratio of V. alaskense-ovalifolium to V. parvifolium to calculate 
the mean production per stem of all Vaccinium spp. Finally, to obtain total production of 
Vaccinium, I multiplied the stem density estimate by the mean production per stem. This set 
of calculations was repeated for each macroplot.
ln(P) = 1.9657 * ln(bsd) - 3.3489 (Eqn. 4)
ln(P) = 2.1207 * ln(bsd) - 3.2121 ■ (Eqn. 5)
Data Analysis
Indices o f Structural Diversity
To express the variability in the vertical structure of the canopy, I calculated four 
versions of each of two different indices of structural diversity (Magurran 1988). I used both 
the Shannon-Wiener index and Simpson’s index, described below. These indices usually are 
used to express species diversity, and are based on the relative number or proportion of 
individuals present for each species. In this application, I divided the canopy up into layers 
and based the indices on the relative number or proportion of trees in each layer, yielding 
values for structural diversity.
For each calculation, I divided the vertical layers of the canopy in two1 ways. In the 
first version, trees were assigned to one of four commonly-used but highly subjective canopy
classes (dominant, codominant, intermediate, or suppressed). In the second version, I used
i i
diameter (DBH) as a crude surrogate for height, and assigned trees to rigorously defined 1 Cl­
em diameter classes.
When diversity indices are used to express plant species richness, percent cover is' . f
■ estimated for each species, and the index represents the variation in percent cover across all 
species. In this application, canopy layers were substituted for species. Lacking actual 
percent cover information for each canopy layer, I again used surrogates. I calculated indices 
based on both the basal area for each canopy layer, and the number of trees (count) in each 
canopy layer. Repeating the process for diameter classes, in place ofcanopy layers, yielded 
eight indices (table 1).
Table 1. Diversity indices.
Calculated using Calculated using 
basal area number of trees 
in each class in each class
Simpson's Index of 
CanOpy class distribution 
Diameter class distribution 
Shannon-Wierier Index Of 
Canopy class distribution 
Diameter Class distribution
X X 
X X
X X 
X X
The Shannon-Wiener diversity index (equation 6) is biased towards measuring 
richness over evenness (though it is possible to calculate evenness by dividing the index by 
the number of categories present):
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H’ = -Z p; In pi (Eqn. 6)
where pi is the proportion o f  individuals in the /th category. I did not bother calculating 
evenness from this index, since it would have been directly proportional, for all cases 
(because the number of categories ~ canopy classes or diameter classes -  was constant).
Simpson’s index is weighted towards dominance. I Used the form appropriate to a 
finite community (Magurran 1988):
Hi (%-1)
E) =f Z — --------  (Eqn. 7)
N ( N - l )  '
In this equation, n, is the number of individuals in the /th category, and N is the total number 
of individuals, The value, of D decreases with increasing diversity. I inverted Simpson’s 
index so that increases in diversity would correspond directly to increases in the inverted 
index:
D’ = l / D  (Eqn. 8)
Analysis o f Overstory Stru,cture
Once the study sites were grouped according to disturbance intensity, I used linear 
discriminant function analysis to explore which structural variables and indices were most
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useful in. distinguishing the groups. In this application, as an exploratory procedure, 
discriminant analysis is also referred to as canonical variates analysis (James and McCulloch
1990). I chose a multivariate analysis technique because it seemed likely that the interaction
' /
of different structure variables might be significant (e. g. , mean canopy height combined with 
the distribution of trees among canopy classes). Ever since Hutchinson defined niche as an 
‘Vz-dimensional hypervolume” (Hutchinson 1957), ecologists have found multivariate 
techniques an especially appropriate way to explore how multiple environmental variables 
combine to create niches (Shugart 1981).
In discriminant analysis, data are grouped according tb some a priori function,1 in this 
case disturbance intensity. Then, a set of Variables are examined to , see which of them best 
discriminates among these groups. This process requires that the variables used to assign a 
priori groups not be re-used to discriminate between the groups* as this would'Be circular 
logic (Gerdol et al. 1985). I used horizontal basal area ratios to group the study sites 
(disturbance intensity, defined in equation 1). I also used functions derived from basal area 
as discriminatory variables, but these functions expressed the vertical distribution of basal 
area values, a subtle but important distinction. The statistical software I used throughout the 
analysis was Statistica/W, version 5.1 (StatSoft Inc., Tulsa, Oklahoma).
Understory Structure Variables
To construct uttderstory structure variables, I divided the herb-shrub layer into three 
different strata, and calculated the mean percent cover of each stratum, as well as the mean 
of the sum of all three strata. The strata corresponded roughly to the layers of ground- 
hugging forbs (<20 cm), low shrubs (20-100 cm), and high shrubs (>100 cm); I also looked
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ait individual coverage of several species considered important deer winter forage (Hanley et 
al. 1989), either for their nutrient value (Comus canadensis, Ritbus pedatus, Coptis 
asplenifolia, and Tiarella trifoliata) or energy content (Vaccinium spp.). In addition, I 
calculated the mean percent cover of woody debris on the forest floor.
For blueberry ( Vaccinium spp.), I derived biomass estimates for total annual 
production (kg/ha). Annual production is the part of the plant available for consumption by 
herbivores (i.e., annual twigs and leaves). To obtain total annual production, I first 
calculated Q, the quadratic mean diameter for individual Vaccinium plants at each site, using 
the following equation (Husch et al. 1972):
Z d,2
q ==-\/~.~— (Eqn. 9)
N
where d, is the basal stem diameter of the /th plant sampled, and N is the total number o f
. . .  / 
plants sampled. I then used a previously-published regression equation to obtain an estimate
of mean artnual production per plant, on each site, from the respective quadratic mean stem
diameter (Alaback 1986). Finally, I multiplied these figures by site-specific stem densities,
to obtain site-by-site estimates of total annual production.
Analysis o f Understory Response
I also used discriminant analysis to test the relationship of understory response 
variables to overstory structure and the disturbance intensity groups defined as above. Most 
of these variables were expressed as ratios or percentages (i.e., percent cover). Percentage
measurements typically are found to have high correlations between means and variances^ 
(Sokol and Rohlf 1995). To eliminate the dependence of variances upon means, I applied 
the arcsine transformation to all cover variables:
0  = arcsin V p (Eqn. 10)
v
where p is the original percentage expressed as a ratio.
Chapters. Results
Site Characterization
The disturbance history and topographic features of the 29 study sites are summarized 
in table 2a. Table 2b summarizes overstory structural variables. Tables 2c and 2d list values 
for understory response variables.
Table 2a. Disturbance history and! topographic features of study sites.
$ite
Name
Geographic
Location
Intensity
Ratio
Intensity
Group
Years Since 
Disturbance
Slope
(percent)
Aspect 
(deg. true)
Elevation
(feet)
B eech e r1 NW Woewodski 0.11 Low partial 52 25! 1 290 250
Cabin 11 Cabin Creek, NE Mitkof -4.97 Pre-dosure 20 33 148 700
Cabin 2 Cabin Creek, NE Mitkof 0.61 High partial 155 20 120 350
Greek 1$ Petersburg Creek, Kupreanof , 0.58 High partial 70 " ,, '4 5 ' . 240 4Q0
Dean 1 Dean Creek, N Kuiu 0.40 High partial 37 , 40 , 288 500 .
Duncan 1 Lindenberg Peninsula, Kupreanof __ 2 Control ' — 2 30 , 230 165
Frenchy 3 Frenchy Creek, N Mitkof v , 0.73 Catastrophic 200 ' 25 210 800
Harvey 1 Harvey Lake, Woewodski , 0.08 Low partial 65 50 . 220 285
Kadake 1 Kadake Creek, N Kuiu 0.35 Low partial 65 16 064 600;
K adake2 Kadake Creek, N Kuiu 0.59 High partial 155 36 , 225 ' 350
Kell 23 - Kell Bay, SK uiu ' 1.00 Catastrophic 117 40 205 300
Kell 2A Kell Bay, S  Kuiu 0.50 Pre-closure 20 32 210 100
Kell 5 Kell Bay, S Kuiu 0.98 Catastrophic 104 10 180 5,0
Mitchell 1 Lindenberg Peninsula, Kupreanof -0.13 Low partial 85 27 238 , 300
Pillar 1 . Bay of Pillars, Kuiu I —2 Control \_ 2  ' 49 216 100
Pillar 3 Bay of Pillars, Kuiu 0.31 ' Low partial 46 60 s 110 150
Pillar 4 Bay of Pillars, Kuiu ' __ 2 ' ' Control ____2 40 160 150
Saginaw 3 Saginaw Bay, N Kuiu 0.80 Catastrophic 11Q 25 182 700
Security 4, Security Bay, ,N Kuiu 0.68 High partial 105 55 2?0 380,
Slough 0 Blind Slough! S Mitkof , 0.77 Pre-closure 5. 1 43 190' 200
Slough 1 Blind Slough, W Mitkof 1.00 Catastrophic 200 34 , 234 , 50Q
Tonka 1A Lindenberg Peninsula, Kupreanof 0.31 Low partial 80 35 240 250
Tonka 2 Lindenberg Peninsula, Kupreanof 0.23 Low partial • 95 31 210 200
Tonka 3 Lindenberg Peninsula, Kupreanof ' ! ^ Control ' ' __ 2 50 150 550
Twin 1 11 Twin Creek, N Mitkof 0.69 High partial 187 60 176 600
W oodpecker 2 W oodpecker Cove, S Mitkof 1.00 Catastrophic 100 42 250 50
W oodpecker 5 W oodpecker Cove, S Mitkof . - ~ 2 Control __ 2 57 220 150
Zarembo 1 Central Zarembo 1.00 Catastrophic 240 45 065 1000
Zarembo 2 N Zarembo 0.56 High partial 145 21 603 200
1 Very recent catastrophic disturbance m ade this site an outlier (arid thus disregarded) in almost every analysis.
2 Control sites. No even-aged cohort detected.
3 Two macroplots were averaged at Kell 2 (the first study site sampled and the only one with two macroplots).
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Table 2b. Overstory structural characteristics of study sites.
Site
Name
Intensity
Group
Trees 
per ha1
Basal Area 
(m2/ha)1
. Mean DBH 
of T rees1 (cm)
DBH 
Std Dev
Mean Height o f 1 
Codominants (m)
Live Crown Ratio 
of Codominants
Canopy
Cover^
Snags 
per ha3
Beecher 1 Low partial 510 69.7 33,1 25.7 ' 23 8 43% , 81.6% 10
Cabirr 1 r— Pre-cloSure 40 2.4 23.5 . ,16.9, ’ i—  ,, — 20
Cabin 2 . High partial 460 57.8 36.3 , 17.1 26.4 26% 79.6% 0
Creek 1B High partial 670 68.7 29.2 16.4 ; 20.7 47% , 75.0% 0 ,
Dean. 1 High partial 830 47.1 24.8 10.5 20.1 ■ — 84.0% . 30
Duncan 1 Control 260 57.8 41.8 33.6, 26.7 40% 71.0% ,  0
Frenchy 3 Catastrophic 540 63.5 36.4 13.1 30.8 -50% 76.2% 30 '
Harvey 1 Low partial 380 43.0 33.0 19.0 26.1 63% 81.3% 20
Kadake 1 Low partial . 560 80.0, ' 35.6 23.8 29.9 -r- 75.8% 40
Kadake2 High partial' 430 97.1 . 51.5 14.9 ' , .37.7 56% ' 79.5% 0
Kell 2 Catastrophic 1150 75.2 27.2 9.7 , — —  . .0 .
Kell2A Pre-closure 360 79.5 47.3 • 24.3 — — 0
Kell 5 Catastrophic 780 88.6 , 35.0 15.0 — — --- : , 10
Mitchell 1 Low partial 950 59.5 ' 23,1 16-3 21.9 ,— ,.75.7% 110
Pillar 1 Control 300 57.5 42.4 ' 25.8 28.1 53% 82.8% v 30
Pillar 3 Low partial 420 41.0 31.2 ’ 16.6 .27.8 52% 79.3% 120l
Pillar 4 Control , 250 41.6 40,4 22.4 , 30.4. 47% 76.3%, 0
Saginavy3 Catastrophic 370 39.5 33.0 16.6 27.2 , 20% 83.0% 20
Security 4 High partial 460 i 79.1 ' 42.0 20.9 " 31.9 45% 81.3% 10
SloughO Pre-closure 170 40.3 49.5 '24.4 — . — —- 20
Slough 1 Catastrophic 480 90.7 46.8 14.8 . 46.0 — 76.0% 0.
Tonka 1A Low partial 810 ■ 54.9 24,1 16.8 19.9 52% ,77.3% 40
Tonka 2 Low partial 32io 60.1 42.4 23.1 ’ 28.0 ■ 44% 80 9% 20
Tonka 3 , Control 180 41,8 51.8 ' 17.1 32^2 47% — 0
Twin 1 High partial 330 77.7 52.2 16.8 36.0 19% 79,9% 10
Woodpecker 2 Catastrophic 1030 , . 54.9 24.3 ' 9.5 26.8 . ,35% 79.5% 0
Woodpecker 5 Control 170 44.8, 50.2 29.9 35.3 44% 80.7% 20
Zarembo 1 Catastrophic 540 100.6 , 47.5 10.9 32.3 29% . 80.4% 0
Zarembo 2 , High partial ' 480 58.5 ' 65.9 16.3 31.4 27% , 77.2% 10
’ includes all live'trees over 12.7 cm DBH.
2 Calculated from canopy photographs.
3 Inludes only large (>30.5 cm DBH), residual snags.
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Table 2c, Understory response variables (percent cover of herb-shrub layers and wood).
Site Name Intensity
Groyp
Percent Cover 
Low (<20 cm)
Percent Cover 
Med (20-100 cm)
Percent Cover 
High (<100 cm)
Total Pet 
Cover1
Percent Cover 
Woody Debris
Beecher 1 Low partial 1.3 2.2 0.0 3.5 28.2
Cabin 1 Pre-closure 22.5 53.0 48.2 123.6 40.4
Cabin 2 High partial 24.9 57.6 21,5 104.0 6.7
Creek 1B High partial 92 33.0 0.0 42.2 23.7
Dean 1 High partial 4.7 5.8 2.2 12.7 53.9
Duncan 1 Control 16.5 27.4 26.9 70.8 18.7
Frenchy 3 Catastrophic 204 67.0 1.0 88.4 15.5
Harvey 1 Low partial 8.6 6.0 0.5 15.1 - 37.2
Kadake 1 Low partial 12.3 7.7 0.0 20.0 36.5
Kadake 2 High partial 17.8 15.3 0,0 33.0 19,5
Kell 2 Catastrophic 4.9 11.8 3.9 20.5 4.9
Kell 2A Pre-closure 10.1 17.3 5.0 32.3 9.6
Kell 5 Catastrophic 3.6 9.1 0.0 12.7 15.3
Mitchell 1 Low partial 9.1 8.4 0.5 18.0 18.2
Pillar 1 Control 23.3 41.4 16.2 80.8 23.0
Pillar 3 Low partial 3.9 9.1 0.0 13.0 24.0
Pillar 4 Control 9.7 32.4 21.8 63.8 22.4
Saginaw 3 Catastrophic 12.3 5.1 0.0 17.5 34.4
Security 4 High partial 10.4 24.0 0.5 34.9 31.0
Slough 0 Pre-closure 12.7 59.3 13.2 85.1 22.0
Slough 1 Catastrophic 33.2 33.5 1.5 68.2 15.1
Tonka 1A Low partial 9.1 20.4 8.0 37.5 18.4
Tonka 2 Low partial 10.9 14.8 0.0 25.7 18.9
Tonka 3 Control 14.7 58.2 17.0 89.9 26.9
Twin 1 High partial 24.1 26.8 24.5 75.3 13.9
Woodpecker 2 Catastrophic 2.5 3.3 2.1 7.8 21.2
Woodpecker 5 Control 11.4 5.3 1.5 18.2 28.9
Zarembo 1 Catastrophic 21.9 42.2 9.6 73.6 11.8
Zarembo 2 High partial 7.9 14.1 8.2 30.1 39.0
1 Sum of all three layers, so total cover can be greater than 100%.
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Table 2d. Understory response variables (Vaccinium and deer forbs).
Site Name Intensity
Group
VACCI
Production12
Percent Cover 
VACCI2
Percent-Cover
COCA3
Percent Cover 
RUPE4
Percent Cover 
COAS5
Percent Cover 
TITR6
Beecher 1 tow  partial 6.8 24.4 0-0 25.4 0.0 • 50.1
Cabin 1 Pre-closiire 31.9 14.9 9.1 6.8 4.7
Cabin 2 High partial . 82.7 , 31.3 - 8.1 -9.1 6.3 2,5
Creek 1B High partial. 17.7 12.8 6.7 4.1 2.4 21.8
Dean, 1 High partial 3.6 10.4 , 1-1 , o.o 2.6
Duncan 1 Control • 38.6 18.1 ' 6.9 ‘ 9.5 0.0 4.8
Frenchy 3 Catastrophic 53.3 26.9 . . , 4 . 2 - , 1119 3.9 6.0
Harvey 1 Low partial 5,5. 19-2 18.6 , 0.8 0.0 12.1
Kadake 1 Low partial , .. 5.8 2.1 ' 5.2 ' ' 4,7 0.3
Kadake 2 H ighpartial 24.8 9.0 6.1 ' 9.5 2.0 0.0
Kell 2 Catastrophic 14.1 1.1 0.9 0.0 0-8,
Kell 2A . Pre-closure 6,6 0.0 2.0 0.0 2.3
Kell 5 Catastrophic v 6.2 0.0 5.0 0.0 2,0
Mitchell 1 Low partial1 4.9 7.1 2.8 3.5 ‘ 0.7
Pillar 1 Control , 15.3 5.0 6.2 ' 6.6 8.2
Pillar 3 ' Low partial 15.2' 29.3 0.0 0.2 , 0.0 21.3
Pillar 4 Control 57.4 16.5 4.9 ' 3.0 , ' 3.3 1.7
Saginaw  3 Catastrophic 4,0 1.5 312 3.7 , 2.7 -
Security 4 High partial 22.6 ' 11.8 1.0 7.5 , ' 2,4 0.0
Slough 0 Pre-closure ' 7.1 \  10,9 5.6 o.o: 1.2
Slough 1 Catastrophic 15.5 ' 14.5 7.8 , 3.8 3.3 ,
Tonka 1A Low partial 12.6 , 12.9' 3.1 ; • : 2.7 0.6 3.3
Tonka 2. Low partial 10.3 11.2 15.2 5.8 16.0 2.8
Tonka 3 Control i 31.9 31.7 4 8 10.3 4 .8 ' 11.3
Twin 1 High partial 19.4 7.0 4.3 3.5 3.6
W oodpecker 2 C atastrophic 9.7 6.9 50.1 Olo 0.0 0.0
W oodpecker 5 Control 1.1 1.0 ' 0.0 ' 0.0 0.0 50.2
Zarem bo t Catastrophic ' 32.1 1.7 3.2 . 4.8 3,9
Zarem bo 2 High partial 8.7 1.3 212 0.5 1.5
Total annual production (annual twigs and leaves) in kg/ha 
2 Vaccinium spp.
3Cornus canadensis 
4Rubus pedatus 
6Coptis aspienifolia 
eTia fella trifoliata
The distribution of study sites along temporal and disturbance intensity gradients is 
illustrated in figure 1. Disturbance liistory was-used to divide the sites into four groups, plus 
a fifth group composed of old-growth controls. The first group separated out young sites that 
were still in the staitd initiation stage. These sites were all sampled early in the study, and it 
quickly became apparent that processes within them were markedly different from in the
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remaining sites, which had a relatively continuous canopy, because of a drastically different 
light regime. Contrasting closed and opeh canopy sites would have been beyond the scope of 
this study, and so I ceased sampling stand initiation sites early on, leaving only a few sites in 
this group. Other than presenting raw data for those sites in tables 2a -  2d, I ignored the 
stand initiation group during analysis.
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Figure 1, Distribution and grouping of study sites. Disturbance intensity ratios 
calculated according to equation 1. Control sites are not shown.
The three remaining non-control groups represent catastrophic, high partial, and low 
partial disturbances (the definition of these terms will be discussed below). For the analysis 
that follows, I chose to disregard time since disturbance in these three groups for two 
reasons: 1) overall sample size was not sufficient to subdivide the study any further; and 2) 
most of the stands in those groups are within the approximate age range of the stem
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exclusion stage, making it ecologically defensible to lump the stands in each group together. 
During the analysis, correlations between all variables and time since disturbance were 
tested, and where significant, these correlations are reported.
The disturbance intensities shown in figure 1 were calculated with equation 1. 
However, equation 1 produced, disturbance intensity ratios of less than zero in some cases. 
This situation occurred on low intensity disturbance sites where there were not only a 
number of large residual trees, but also a number of large snags -  so many, in fact, that the 
basal area of snags and residuals was actually greater than the basal area of all living trees 
present at the time of sampling. These negative ratios seem to suggest that the disturbance 
was so low in intensity that it actually left more residuals standing afterwards than there were 
trees in the stand to start with, a suggestion I found somewhat unsettling. Although snags are 
certainly a good indicator of the pre-disturbance legacy in a stand, I also calculated a second 
disturbance intensity ratio that ignored them, so that ratios for all sites fell within the range 
0 - 1:
Basal area of large residual trees
DF = 1 - - - -—------------   —  (Eqn. 11)
Basal area of all live trees
As it turned out, the sites were grouped in the same way using DF as with DI. I feel 
that equation 1 is more accurate than equation 11, but it should be noted that the ratios 
equation 1 produces are only significant relative to each other, and not in an absolute sense. 
In other words, a stand with a disturbance intensity ratio of 0,5 did not necessarily see 50% 
of its trees toppled during the disturbance (although this is certainly possible). Detailed
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stand reconstruction (sensu Deal et al. 1991) would have been required to produce 
disturbance intensity ratios that were accurate in both a relative and an absolute sense.
, Some Structural Indices Are More Useful Than Others
Because of the likelihood of duplication of information between the eight indices 
(table 3), I compared just the four indices based on diameter class distributions, and I 
examined correlations between indices. Figure 2 illustrates the correlations between 
corresponding Simpson and Shannon-Wiener indices. From this figure, it is clear that the
i
two indices are highly correlated.
Table 3. Structural index values for all sites.
Site Name Intensity
Group
Simpson’s 
DBH x BA’
Shannon 
DBH x BA1
Simpson's 
DBH x Count2
Shartnon 
DBH x Coynt2
Simpson's
CCxBA3
Shannon
CCxBA3
■ Simpson's 
CC x Count4
Shannon 
CC x Count4
Beecher 1 Low partial 6.41 1.902 3.40 1.570 1.62 ‘ 0.660 - 3.48 1.290
Cabin 1 Pre-closure. 3.05 ' 0.716 6.00 • 1.040 . 1.00 0.000 1.00 0.000
Cabin 2 High partial . 4.8S 1.662 3.97 ' 1.496 3.36 1.014 2.95 1.203
Creek 1B High partial 7.32 1.978 4.07 1 1.559 4.88 1.194 3.67 1.309
Dean 1 High partial 4.43 1.486 3.14 1.268 3.34 0.986 2.57 1.092
Duncan 1 Control 2.82 1.389 ' 7.07 1.824 2.74 0,922 ’ 3.61 ' . 1.2^2
Frenchy 3 Catastrophic 4.53 1.570 4.90 1.621 1.48 0.539 2.28 0.937
Harvey 1 Low partial 8.77 2.370 5.37 1.770 5.16 1.119 3.52 1.263
Kadake t Low partial 5.75 1.856 5.07 1.678 3.25 1.052 .3.20 1.226
Kadake 2 High partial 5.88, 1.7I58 5.07 1.631 1.96 0.739 1.65 0.704
Kell 2 Catastrophic 4.13 1.496 . 345 1.354 2.16 0.795 2.17 0.837
Kell 2A Preclosure 8.65 2.151 ‘ 9.26 2.136 3.10 1.022 " 3.48 1.262
Kell 5 Catastrophic 5.76 1.790 4.95 1.691 2.60 1.0301 2.93 1.173
Mitchell 1 Low partial 6.68 1.904 2.25 1.120 4.47 1.171 3.27 1.229
Pillar 1 Control 6.77 1.976 8.37 2.007 4.08 1.080 3.69 1.286
Pillar 3 Low partial 5.29 1.665 4.18 1.569 5.23 1.054 2.83 ‘ 1.133
Pillar 4 Control 5.14 1.665 6.82 1.791 2.60 0.814 2.27 0.833’
Saginaw 3 Catastrophic 4.37 1.470 4.38 1.495 4.25 1.046 3.62 1.304
Security 4 High partial 6.73 1.910 5.91 1.812 2.79 0.929 2.70 1.154
Slough 0 Preclosure 5.22 1.638 6.18 1.646 5.43 1.082 ! 2.89 1.115
Slough 1 ‘ Catastrophic 5.28 1.755 5.48 1.725 ' 2.89 1.163 2.98 1.235
Tonka 1A Low partial 5.67 1.721 2.83 1.231 4.89 1.161 3.28 1.235
Tonka 2 Low partial 8.03 2.047 5.44 1.839 2.26 0.807 3.32 1.189
Tonka 3 Control. 3.57 1.376 5.46 1.690 1.22 0.309 1.63 0.655
Twin 1 High partial 4.72 1.66^ 5.44 1.789 3.16 1.009 3.12 1.209
Woodpecker 2 Catastrophic 4.69 ' 1.531 3.21 1.289 , 5.06 1.186 3.69 1.332
Woodpecker 5 Control 7.31 1.969 12.36 2.089 2.81 0.855 ‘ 3.49 1.206
Zarembo 1 Catastrophic 3.50 1.346 4.05 1.493 1.90 0.792 1.97 0.898
Zarembo 2 High partial 5.98 1.882 5.67 ' 1.775 3.31 1.021 3.06 1.218
1 Calculated using basal arfea within each diameter class
2 Calculated using stem counts within each diameter class
3 Calculated using basal area within each canopy class
4 Calculated using stem counts within each canopy class
35
9 5
8.0
.6  1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
9.5
8.0
6.5
5.0
2.0
1.2 1.4 1.6 1 .8  2.0 2.2 2.4 2.6 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 ^ R e g r e s s i o n  
Low Partial ' Control ®®0/“ confid.
Shannon-Wiener Index ~  BA in each diameter class-
Figure 2. Correlations between corresponding Simpson’s and Shannon-Wiener indices.
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Figure 3. Correlations between Simpson’s index calculated from basal area within each 
diameter class, and Simpson’s index calculated from stem counts within each diameter 
class.
Figure 3 displays the correlations between Simpson’s index (calculated from basal 
area within each diameter class), and Simpson’s index (calculated from stem counts within
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each diameter class). In this figure, correlations between the two applications of Simpson’s 
index are much lower. To understand the difference between these indices, picture a stand 
with an equal number of trees in each diameter class. The stem count diversity index will be 
minimized, because the number of trees in each class is the same. On the other hand, the 
basal area index will be maximized. This occurs because the basal area in each succeeding 
diameter cjass will be greater than that in the previous class. With no two basal area values 
alike, diversity will be maximized.
In a stand where the distribution of trees in diameter classes is highly skewed to the 
smaller diameters, typical of a young stand following catastrophic disturbance. In this stand, 
the stem count index will have an intermediate Value (low stem counts in most of the larger 
classes, but high stem counts in the smallest classes). The basal area index will also have an 
intermediate value (low basal area in most o f the larger classes, but high basal area in the 
smallest classes).
In figure 3, disturbed sites, with a single cohort of even-aged (or approximately 
equal-sized) trees, display a clustering of diversity indices around intermediate values, with 
no discernible pattern of correlation between the basal area and stem count versions. In 
contrast, control sites Show more variation in structure, and perhaps a slightly more 
discernible correlation between the two versions of diversity index.
In the next section, I will show that the canopy class indices offered far less power 
than the diameter class indices to distinguish disturbance groups. This is not surprising, 
since there were many more diameter classes (14) than canopy classes (4) in this study. For 
this reason, I eliminated the canopy class indices from further consideration. As we saw 
above, Simpson’s index offers substantially the same information as the Shannon-Wiener
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index, anrj I again eliminated the latter, since the next section shows that, in this study, the
’ 1 •’ v ,
former is slightly more powerful irt distinguishing disturbance intensity groups: This left the 
stem count and basal area versions of Simpson’s index as inputs to the next section of the 
analysis.
Overstory Structure is Well-Correlated With Disturbance Intensity
With a much larger data set, I would have entered all of the structural variables and 
indices into a stepwise discriminant analysis. Given the data set available, there were far tod 
many empty cells to. take this approach. Instead, I analyzed the distribution of each variable 
separately among the four disturbance intensity groups, using a one-way ANOVA. I used the 
p-values obtained (table 4) to identify variables likely to be most important in discriminating 
among groups.
Using table 4, I selected combinations of variables that formed an ecologically 
meaningful set to enter into the discriminant analysis. It was obvious that some sort of index 
of diameter distribution (e.g., standard deviation of live tree DBH, Simpson’s index of 
diameter distribution, or the Shannon-Wiener index of diameter distribution) was important. 
I also chose measures of density for both live trees and shags, and some information abput 
the height and thickness of the canopy. This combination described the vertical shape of the 
main canopy and its variance, along with some information (density) in the horizontal 
dimension. Data about horizontal dispersion, which would have added variance to the 
information about this dimension as well, were not collected in this study. Table 5 shows 
means and standard deviations for the variables chosen for the discriminant analysis.
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Table 4. P-values for structure variables analyzed separately using One-way ANOVA.
These p-values should not be interpreted directly, but they provide a way to rank the 
approximate relative importance of the variables. Single stars (‘*’) indicate p< 05. Double 
„ stars (‘**’) indicate p< 01.
Variable P-Value for One-Way ANOVA
Tree Density (per ha) 0.012*
Tree Basal Area (per ha) 0.084
Tree DBH -  Mean 0.066
Tree DBH — Standard Deviation o.ooo**
Large Residual Snag Density (per ha) 0.043*
Height of Codominant Layer 0.190
Live Crown Ratio of Codominant Layer 0.089
Simpson's Index -  Stem count x Diameter class 0.001**
Simpson's Index -  Basal area x Diameter class 0.041*
Shannon-Wiener Index -  Stem count x Diameter class 0.032*
Shannon-Wiener Index -  Basal area x Diameter class 0.034*
Simpson's Index -  Stem count x Canopy class 0.502
Simpson's Index -  Basal area x Canopy class 0.368
Shannon-Wiener Index -  Stem count x Canopy class 0.476
Shannon-Wiener Index -  Basal area x Canopy class 0.386
Percent of Basal Area in Subcanopy (Intermediate & Suppressed) 0.003**
Percent of Basal Area in Subcanopy (Suppressed only) 0.749
Percent of Stems in Subcanopy (Intermediate & Suppressed) 0.066
Percent of Stems in Subcanopy (Suppressed only) 0.220
Percent of Stems in Pole Class 0.172
Percent of Stems in Sawtimber Class 0.025*
Percent of Stems in Large Tree Class 0.048*
Percent of Stems in Very Large Tree Class 0.002**
Number of Stems in Pole Class 0.121
Number of Stems in Sawtimber Class 0.000**
Number of Stems in Large Tree Class 0.271
Number of Stems in Very Large Tree Class 0.019*
Percent of Stems in Dominant Layer 0.445
Percent of Stems in Codominant Layer 0.138
Percent of Stems in Intermediate Layer 0.100
Percent of Stems in Suppressed Layer 0.217
Number of Stems in Dominant Layer 0.115
Number of Stems in Codominant Layer 0.007**
Number of Stems in Intermediate Layer 0,045*
Number of Stems in Suppressed Layer 0.420
Percent Canopy Cover 0.856
Light Reaching the Shrub Layer 0.553
Slope 0.374
Aspect 0.312
Elevation 0.233
** p-value < .01
* p-value < .05
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Table 5. Means and standard deviations of structure variables used in the overstory 
discriminant function, for each disturbance intensity groiip. , '
Variable Catastrophic ’ High Low Control
' '■ Partial Partial r
Tree Density (per ha)
Mean 698.6 522.9 565.7 232.0
SD 296.2 169.1 231.6 55.4
Snag Density (per ha)
" 37.1, Mean 8.6 8.6 10.0
SD - 12.1 10.7 34.0 14.1
Simp Son's Index -  Stem count x Diameter class
Mean 4.35 4.75 4.08 8.02
SD 0.83 1.04 1 28 2.64
Simpson's Index -  Basal area x biameter class
Mean 4.61 5.71 6.66 5.12
SD 0.74 1.08 . 1.30 1.95
Height of Codominant Layer (m)
Mean 32.6 29.2 25.3 30.5
SD 7.8 7.0 3.6 3.4 .
Live Crown Ratio of Codominant Layer
Mean 34% 37% 51% 46%
SD ,12% 15% , 8% 5%
The grouping of sites by the discriminant function produced from these six variables 
is evident in figure 4, which plots the locations of individual sites relative to the two main 
roots of the function, There is good separation between all groups, except that the high 
partial group overlaps between the catastrophic and low partial groups, as would be 
expected, The control group is clearly distinguished by root 1.
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Overstory Discriminant Funcfiorr, Showing 90% Confidence Ellipses
°  Catastrophic 
□ High Partiat
a  Control
Root 1
Figure 4. Plot of first two roots of overstory discriminant function, showing 90% 
confidence area ellipses for each disturbance intensity group. Ellipse marked by dotted 
line is for the high partial group.
Squared Mahalanobis distances (table 6) give a quantitative measure of the relative 
separation of the group centroids. Mahalanobis distances are similar to Euclidean distances, 
except that they also take into account the correlations between variables in multivariate 
space (Statsoft 1995). Groups in a discriminant analysis are plqtted in an n-dimensional 
space, where n is the number of roots of the discriminant function, and each axis represents 
one root. In univariate space, where each axis represents a single variable (and assuming that 
the variables are uncorrelated), Euclidean distance adequately measures the separation 
between two points. In multivariate space, the axes cannot be assumed to be uricorrelated, 
because the same variable may appear in more than one root. The calculation for 
Mahalanobis distance accounts for this problem, by incorporating a covariance matrix, and 
thus is a more accurate measure of the true separation of two points in multivariate space 
(Duda 1996). :
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Table 6; Squared Mahalanobis distances between disturbance intensity groups, using 
overstory discriminant function.
\
Catastrophic Hiah Partial LoW Partial Control
Catastrophic o.do -V- —
High Partial 4.60 0.00 ~~
Low Partial 13.65 8.95 0.00 --
Control 3$. 80 37,82 46.61 / 000
The Mahalanobis distances shoW that the greatest separation is between the control 
and all other groups, and the least separation between the high partial group and the
catastrophic and low partial groups. The discriminant function was 100% successful in
\
classifying the groups it was derived from, but, although not a given, this statistic does not 
necessarily indicate a clear, consistent relationship. The test of a discriminant function is its 
success in classifying a separate data set than the one used to produce it, something beyond 
the scope of the present study. However, the discriminant function was significant in this 
analysis at p < .0002 (Wilks’ lambda = .031; F(18, 31) = 4.25).
Table 7. Standardized coefficients for first two roots of the overstory discriminant 
function, and correlations between ropts and individual variables.
. ^  . . . . ,
Root 1 Root 2
Variables Standardized Correlation Standardized Correlation
Coefficient ' With Variable Coefficient With Variable
Tree Density (per ha) 0.348 0.266 -0.872 -0.203
Snag Density (per ha) 0.562 0.060 0.282 0.366
Simpson's Index -- Stems x DBH -1,874 -0.408 -0.406 6.024
Simpson's Index —BA x DBH '1.399 0.105 0.423 0.464
Height of Codbminant Layer (m) 0.999 -0.102 -0.689 -0.352
Live Crown Ratio , -0.743 ■ , -0:071 0.558 0.521
Eigenvalue 7.244 1.639 I
Cumulative Variation Explained 0.77 ~- 0.95
42
Standardized coefficients (table 7) indicate the relative contribution of each variable 
to each root. By ranking them aecordihg to magnitude, we can see which variables 
contribute most to each root. Root 1 Was dominated by the two diversity indices, which have 
opposite signs and thus act against each other in determining the value p f  that root. Control 
sites are to the left along the root 1 axis, well separated from the other sites. This indicates 
that control sites have a low basal area diversity, but a high stem diversity, relative to the 
other sites. Because Simpson^s index is biased towards evenness, for control sites, the 
number of stems is evenly distributed among diameter classes, but some diameter classes 
contain far more basal area than others. Control sites are as close to being all-aged as any 
stand ift these forests. We would expect, then, to find trees evenly distributed among 
diameter classes. However, since trees in the larger diameter classes have greater basal area, 
basal area diversity will be low; the index is dominated by the large diameter classes.
Root 2 was especially useful in discriminating among the disturbed sites: 
Catastrophically disturbed sites lie in the most negative direction on the root 2 axis, and sites 
with the largest number of residuals lie in the most positive direction. An examination of the 
coefficients of root 2 showed that it was most influenced by tree density, and by the height 
and depth of the codominant layer. The most disturbed sites appeared to have the greatest 
tree density, and a taller but shallower codominant layer. Again, this corresponds with what 
we would expect. Following a catastrophic disturbance, a dense regeneration Cohort soon 
develops. Without residual trees to shade them, these trees grow into a tall codominant 
layer. The dense, uniform canopy prevents much light from penetrating, and this keep's trees 
from adding lower branches, resulting in a shallow cOdominartt canopy.
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The Relationship of UnderstorV Structure to Disturbance History is More Complex
I also tested whether understory response variables could be used to discriminate 
among disturbance intensity groups. I reasoned that understory structure should be 
correlated with overstory structure, because the overstory controls the amount of light 
available on the forest floor. Since overstory structure successfully discriminates among 
disturbance intensity groups, I tried a corresponding discriminant analysis using understory 
structure variables.
Table 8 gives the means and standard deviations for understory variables, grouped by 
disturbance intensity. Variables representing percent cover estimates were arcsine 
transformed, to remove correlations between means and variances (Sokal and Rohlf 1995). 
Using the transformed variables, the most parsimonious discriminant function possible 
lacked much of the power to. discriminate among disturbance groups that characterized the 
overstory discriminant function. In particular, it was much less successful at discriminating 
among different levels of partial disturbance: Vaccinium production was not incorporated 
into the discriminant function analysis, because the selection of sites where this information 
was collected was small (N= 15) and was skewed toward lower disturbance intensities.
Table 8. Means and standard deviations of understory variables. All values are 
percentages except where indicated,
Variable Catastrophic Hioh' Low Control
, ' Partial Partial
Low Cover (<20cm)
Mean 14.1 14.1 7.9 15.1
SD 11.5 8.1 3.9 5.3
Medium Cover, {20-100 cm)
Mean 24.6 25.2 9.8 32.9
SD 23.9 16.9 6.0 19.4
High Cover (>100 cm)
Mean 2.56. 8.12 1.29 16.66
SD 3.35’ 10.57 2.97 9.50
Total Cover (sum of three layers)
Mean 41.25 47.46 1897 64.70
SD 33.97 31.29 10.65 27.84
VACCI Production ( V a c o i n i u m  spp.)
Mean (kg/ha) 31.5 37.0 10.1 323
SD (kg/ha) 308 30.6 4.0 234
VACCI Cover ( V a c c i n i u m  spp.) ' / •
Mean 15.1 . 13.8 153 16.5
SD 10.8 9.1 9.2 10.9
COCA Cover ( C o r n u s  c a n a d e n s i s )
Mean 104 5.8 6.6 4.3
SD 18 ? 3.5 7.5 2.6
RUPE Cover ( R u b u s  p e d a t u s ) . '
Mean .4.6 5.4 6.1 5.8
4.1 3.3 8.7 4.3
COAS Cover { C o p t i s  a s p l e n i f o i i a )
Mean ? 3 . 2.4 3.6 2.9
SD 2.2 2.1 5,8. 29  .
TlTR Cover ( T i a r e l l a  t r i f o t i a t a )
Mean 2.7 4.6 12.9 15.2
SD , 2-0 7-7 18.1 199
Woody Debris Cover
Mean 16.9 26.5 25.9 24.0
SD 9.1 16.0 8.3 4.0
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Figure 5. Plot of first two roots of understory discriminant function, showing 90% 
confidence area ellipses for each disturbance intensity group. Solid ellipses are control 
group (left) and catastrophic groitp (right).
Figure 5 shows the grouping of sites by the understory discriminant function. The 
root 1 axis separates the control group from the catastrophic group, but the intermediate 
disturbance groups overlap both of these. The second root does hot provide any better 
separation, fvlahalanobis distances between group centroids arc given in table 9.
Table 9; Squared Mahalanobis distances between disturbance intensity groups, using 
understory discriminant function.
Cjaiastroobic HLdbPartial ContLQl
Catastrophic 0.00 — — —
High Partial 2.70 0.00 .
Low Partial 1.66 1.67 0.00
Control 1.1.53 4.43 8.13 0.00
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_ As with the bverstory diseriminant function, separation between the control and other 
groups is significant at p < ;05, but no other group centroids are separated at this significance 
level. The understory discriminant function itself was significant at p < ,0037 (Wilks’ 
lambda -  .320; F (9, 48) = 3.24), and successfully classified 73% of the sites used to derive 
it.
The understory discriminant function relied on three variables: high shrub cover, 
woody debris cover, and cover of the rarest of the deer forbs, Tiarella trifoliata. Table 10 
shows the relation of these variables to the discriminant function.
Table 10. Standardized coefficients for first two roots of the understory discriminant 
function, and correlations between roots and individual variables.
■ \ ........................... ■ ' , Root 1 Roof 2
Variables (Arcsine Transformed) Standardized Correlation Standardized Correlation
Coefficient With Variable Coefficient With Variable
High Shrub Cover (>100 cm) -1.145 -0.647 0.352 0.751
TITR Cover ( T i a r e l l a  t r i f o l i a t a ) -0.546 -0.248 -0.590 -Q.742
Woody Debris Coyer -0.661 , -0.1 s i -0.446 -0.669
Eigenvalue 1.399 . 0.181 —r
Cumulative Variation Explained 083 r— 0.94
High shrub cover is clearly the factor most important in separating the control group 
from the catastrophic group along the root 1 axis, with the control group having more high 
shrub cover than any other groups. It is more difficult to explain how the other variables 
influence the distribution of sites iri figure 5.
To understand why this might be so, I examined the correlations between each 
understory variable and two site descriptors: disturbance intensity ratio, and time since
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disturbance (table 11). In the overstory analysis, time since disturbance did not play a large 
role, but for the understory, the situation was different.
No understory variables were significantly correlated with disturbance intensity, but a 
number of them, particularly the structure variables, were significantly correlated with time 
since disturbance: I developed multiple regression equations using both time and
disturbance intensity to predict understory variables, and found p-values for some equations 
as low as .00007. However, the disturbance intensity term was not significant in any of the 
equations.
Nonetheless; it is still possible that a link between understory structure and 
disturbance, history exists. The effect of time since disturbance in allowing the development 
of understory structure is so strong that the effect of disturbance intensity could easily be 
swamped in a data set of this size. A much larger data set would allow within-group 
comparisons of different disturbance intensities at particular times after disturbance. By 
holding time since disturbance constant in this way, subtler effects due to differences in 
disturbance history may be more easily detected.
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Table 11. Correlations between understory variables and site descriptors. P-values are 
given in both raw and Bonferroni-correeted forms, assuming non-independence (Rice 1989), 
No control sites are included in this analysis, because both time since disturbance and 
disturbance intensity are undefined for these sites.
Variable r Time Since Disturbance2,3 Disturbance Intensltv2
Low Cover (<20crn) 21
-
Correlation. 0.8 0.33
p-value ' p=.ooo/.ood p=. 141/1.000
Medium Cover (2b-100 cm) 21
Correlation 0.69 0.33
p-value . . \ p^.doo/.ooo p=. 145/1.000
High Cover (>100 cm) 21
Correlation 0.48 0.18
p-value p=.030/.150 p=.429/1.000
Total Cover (sum of three layers) 21
Correlation 0,78 0.35
p-ya|u@ p=.ooo/.ooo p=,123/1.000
VACCI Annual Production ( V a c c i n i u m  spp.) 11
- Correlation 0.75 0.34
p-value p=.008/.Q56 p- 224/1.000
VACCI Cover ( V a c c i n i u m  spp.) 21
Correlation >. 0.4 0.05
p-value p=,072A288 p=. 849/1.000
COCA Cover ( C o r n  u s  c a n a d e n s i s ) 21
Correlation ' -0.0$ ’ 0.13
p-value ; p-.836/1.000 p=.566/1.000
RUPE Cover ( R u b u s  p e d a t u s ) 21
Correlation 0.09 -0.16
. p-value p=.694/1 000 p=.492/1.000
COAS Cover (C o p t i s  a s p l e h i f o l i a ) 21
Correlation 0.57 0,15
p-value ' p=.0O6/.O48 p=.522/1i000
TITR Cover (T i a r e l l a  t r i f o l i a t a ) 21 f
Correlation -0.37 -0.38 .
p-value p=.096/.288 p-.086/,900' :
Woody Debris Cover 21
Cpfreiation -0.56 -0,39 ‘
p-value p=.009/.056 p=.082/.900
1 Number of sites for which variable was recorded (control sites not included) 
n2 P-values are given as untorrected/Bonferroni-corrected 
3 Bdnferroni-corrected correlations significant at p < .06 are in boldface.
Chapter 4, Discussion
(
Vertical Structure is an Important Distinguishing Characteristic of Forest Stands
A growing body,of evidence suggests that to fully describe a particular plant 
community, one must not only enumerate what species are present and in what proportions, 
but also specify how members of the Community are arranged in space. This emphasis on 
Structure, in addition to composition, is not an entirely new idea, but it is far from being well- 
established. One prominent introductory plant ecology textbook (Barbour et al. 1987) briefly 
describes how to measure vertical structure, but makes little reference to it elsewhere when 
discussing what factors influence ecosystem function. In the subdiscipline of forest ecology, 
discussion of the role of structure has been more prominent, in part, no doubt, because 
vertical structuring in a forest stand; is more obvious than it is in herbaceous plant 
communities. The filtering effect Of canopy layers on light, precipitation, and other climatic 
variables is relatively easily perceived, as is the vertical distribution'of some animal species, 
and even of epiphytic plants.
Forest ecologists first developed the coricept o f vertical stand profile diagrams in 
order to classify species-rich tropical forests where floristic information was unavailable or 
difficult to obtain (Davis and Richards 1933). Subsequently, the emphasis in classification 
schemes shifted to a taxonomic basis (e.g., Braun-Blanquet 1932, Daubenmire and 
Daubenmire 1968, Pawuk and Kissinger 1989). dnly recently have ecologists begun to 
revisit the use of vertical structure measures to characterize forest stands. Just two decades 
ago, Smith (1973, p. 673) wrote that:
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Stratification of tropical forests has been studied quantitatively 
by [several authors]. There are apparently, as yet, no 
comparable studies of temperate forests made Up of more than 
one trfee species....
I
Recent studies that have measured vertical structure in temperate forests consistently have 
found that some expression of the distribution of trees in the vertical dimension has been an 
important distinguishing feature between different classes of forest stands. Alaback (1984) 
used variance of mean tree diameter and coefficient of variation in mean diameter to 
distinguish second growth from old-growth stands. Spies and Franklin (1991) also found the 
standard deviation of mean tree diameter to be important in distinguishing old-growth from 
younger stands. Latham (1996) wrote that the most useful variables in separating stands at 
different stages of development were ratios between tree size classes;
This study confirms and extends these findings. I replaced the single variable, 
standard deviation of tree diameter, with a pair of indices that express not only distribution 
of tree diameters, but also how basal area is distributed among those diameters. These two 
complementary variables were shown to be very: powerful in distinguishing stands at 
different successional stages.
In addition, I was able to use the stem count index and the basal area index to 
contrast stands that bad experienced intermediate levels of disturbance. The studies cited 
above were all limited to contrasting old-growth with post-catastrophic=disturbance second 
growth. In this study, I confirmed that intermediate-levels of disturbance result in structure 
parameters that are also intermediate between those of old-growth and those of even-aged
second growth. Thus it should be possible to show a similar relationship between 
disturbance intensity and understory structure, but this apparently would require a much 
larger sample size to detect, due to the confounding effect of time since disturbance on 
understory development.
Vertical Structure is Too Complex to be Expressed by a Single Variable
|
The combination of two structural diversity indices that I used captures much more 
information about vertical distribution than the sihgle variance (or Standard deviation) of tree 
diameters, that has been used by previous authors. The first overstory discriminant function 
makes this especially clear, since the coefficients of the two indices oppose each other, but 
dp not cancel each other out. Obviously, new information is being added by the second 
index that is not merely duplicating that provided by the first, nor are the two perfectly 
correlated.
To understand why this is, we need to examine how these indices differ from each 
other. The basal area index , is a weighted diameter distribution. It should express
approximately the same information as the variance of mean tree diameter. The stem count
\ . . '
index, on the other hand, is unweighted. Individual trees in larger diameter classes are given
V
the same weight as those in smaller classes. -Figure 6 illustrates the difference for a stand 
with an equal number of trees in each diameter class:
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Figure 6. Hypothetical distribution of trees in ten equally sized diameter classes.
Number of stems in each class is equal, but basal area is greatest in largest diameter class.
In this hypothetical example, the diversity index derived from stem counts is 
maximized, since the distribution of stem counts is perfectly equal. The diversity index 
derived from basal area has an intermediate value, since the distribution of basal area is not 
even but is relatively regular. (The minimum value for a diversity index would be obtained 
if only one class was occupied.)
If we entered our perfectly even stand and removed most of the big trees (e.g., high- 
graded), stem count diversity would decrease due to the absence of the largest diameter class, 
but basal area diversity would increase substantially, since the basal area of the largest class 
wOuld no longer dominate. If, on the other hand, we removed most of the small trees (e.g., 
pre-commercial thinned), stem count diversity would decrease exactly the same amount as in 
the first case, but (he change in basal area diversity would be hardly noticable, since the basal 
area in the smallest diameter class was not large to begin with. Ah evert-aged stand, such as
would result from catastrophic disturbance, would have low stem count and basal area 
diversity, because most trees in the even-aged cohort would fall in the same diameter class 
(depending on the width of the class, and how long ago the disturbance was).
The relationship between the two indices is not a simple one to unravel, and this is 
why they complement each other so well. It is the contrast of a weighted with ah unweighted
I !
index that creates this interaction. The Choice of Simpson’s index as the diversity measure is 
probably not as important, I found that Simpson’s index was more useful than the Shannon- 
Wiener index, which is understandable, since the Shanrton-Wiener index favors richness Over 
evenness. The Shannon-Wiener index, therefore, will report high diversity even if only one 
free occupies each diameter class, where Simpson’s index will respond more to the relative
I
i *■
number of trees in each class. I chose these two indices to test, because they are among, the 
most widely used by ecologists. However, MUgurran (1988) describes a number of other 
diversity indices that may be worth Considering.
Disturbance Intensity is Difficult to Measure Accurately
My initial idea for calculating disturbance intensity was to collect all of, the evidence, 
in a stand that referred back to pre-disturbance conditions, including not Only residual trees 
and snags, but also downed wOod on the forest floor. Ideally, disturbance intensity would be 
quantified by the basal area of all downed logs, divided by the collective basal area of 
downed wood, and standing residual trees and snags. Post-disturbance regeneration would 
not figure into the equation. However, in the end, I settled for an approximation defined as 
the basal area of residual trees and snags divided by the present basal area of the stand. This
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Was a practical approach, but it produced disturbance intensity ratios that were only
\
meaningful in a relative sense.
To measure downed wood is a time-consuming process. In a stand reconstruction 
study in similar forests, Deal et al. (1991) settled for reconstructing just three stands, out of a 
total of eleven stands sampled. Although that study mapped, as well as measured, all 
downed wood, simply identifying and measuring every piece of downed wood in a 0.1 ha
plot is a significant task. More problematically, it was increasingly difficult, as time since
1
the disturbance increased, tp distinguish trees felled by the disturbance from those already on
/ t ‘ 
the grouhd at the time of the disturbance, and from those that had fallen since. Depending on
the bias of an individual observer, more or fewer downed logs classed, as disturbance-related
would bias the disturbance intensity ratio up or down, respectively. Because the likelihood
of misclassifying downed logs increases with time since disturbance, the bias would not even
be a constant.
Using the present basal area of the stand as a surrogate for the pre-disturbance basal 
area of the stand also was less than optimal. The pre-disturbance basal area might have been 
estimated accurately by tallying all residual trees, snags, and downed logs, biit in the absence 
of data on downed logs, a different approach was needed. I reasoned that the basal area of 
the post-disturbarice stand would be a good indication of what was probably on the site 
before the disturbance, as long as enough time had passed. Immediately following the 
disturbance, there is a flush of productivity, as regenerating trees compete to capture the 
newly available light resource. Sometime before the end of the first century, the winners are 
declared, and self-thinning reduces the basal area of the stand to a relatively constant value 
(pers. obs.). However, the basal area of stands measured jprior to self-thinning probably will
be biased upwards. I initially thought to correct for this, but found no existing literature to 
indicate what correction factor to use.
The disturbance intensity ratios used in this study are, therefore, only meaningful 
relative to each other. In addition, several factors used in determining disturbance intensity
i
are subject to Varying bias, depending on how much time has passed since the disturbance. 
The best way to correct this situation would be to increase the sample size by an order of. 
magnitude, allowing for within- and between-groups comparisons on both the temporal and 
disturbance intensity axes. A follow-up study with more replication also might succeed in 
detecting some of the subtler effects of disturbance intensity.
Suggestions for Management-Based Experiments
We can consider the Simpson’s index derived from basal area to be a weighted 
version of the index that is derived from stem counts. Although I used actual diameters to 
weight the importance of each individual tree,, little power would be lost by using the mean 
for each diameter class, instead of actual diameters, to weight the frees in that class. With 
this approach, the data needed to compute the two structure indices could be obtained quite 
. easily. In my experience, observers can learn fairly quickly to estimate tree diameters within
v ' .
about 5 cm. A trained observer could count the number of trees in a 0.1 ha circular plot, and 
assign each to its respective 10 cm diameter class, in perhaps two hours. (The 
omnidirectional distance measuring device (E)ME) made by Vertex would be ideal for this 
application.: It allows a single observer to quickly determine which trees are, inside, and 
which outside* a Circular plot, without having to mark plot boundaries in advance.)
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Working alone, a single observer could thus produce structure indices for perhaps 
three stands a day, with the goal of building a database of stands identified by structure. If 
these stands were geo-referenced and entered into a GIS, the relationship of structure 
1 variables to other information in the GIS could be tested. Most notably, this might include 
various types of remote sensing imagery, with the hope that distinctive structural signatures 
might be identified.
An expanded test of the relationship between disturbance history and stand structure 
might also be performed, by adding a second person to the team. While the first person is 
quantifying stand structure, the Second person could be establishing disturbance intensity and 
time since disturbance. This would largely consist of coring residual and regenerated trees. 
A power increment borer might be a useful tool (Scott and Amo 1992).I
A valuable data set that cbuld also be used to test and extend the results of this study
is presently being assembled for the Stikine Area of the TongaSs National Forest (Marc
/
Kramer, pers. comm.). Both disturbance histories and diameter distributions for a number of
stands comparable to those used in this study are available. If the data set were randomly
\  ‘
divided in half, the first half could be used to develop a discriminant function from structural 
indices. The second half of the data set would provide a test of the classification ability of 
. the discriminant function (in this study, the same data set was used for both purposes).
In addition, Kramer’s data set contains heights of all trees, as well as diameters. It 
could be used to test how reliable diameter distribution is as a surrogate for height 
distribution in this forest type.
This data set is also geo-referenced to high-altitude satellite imagery, and the imagery 
has been examined for spectral signatures that would give some indication of disturbance
history. Because my study suggests that disturbance history is correlated with stand structure 
(through the discriminant function), there exists the tempting possibility that a disturbance 
history signature on the imagery could also indicate structural complexity, providing an 
efficient means to inventory and monitor changes in structural complexity at not just the 
stand scale, but the landscape scale as well. This would indeed be a pbwerful tool for 
resource managers. :
Thus this study offers both information that can be used today, and suggestions for 
information to be gathered tomorrow. Resource managers seeking to maintain ecosystem 
function in Southeast Alaskan spruce-hemlock forests should take note of the apparent 
linear, inverse correlation between disturbance intensity and subsequeht complexity of 
vertical structure. If structural complexity is a goal, the answer to the question of how many 
trees to leave standing is: “the more the better.”
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